Among the microfluidic separation methods, hydrodynamic spreading is a simple and high-throughput continuous separation technique based on the difference in size. However, it is difficult to adjust tiny pressure differences accurately in microfluidic devices. In this study, a combination of electroosmotic flow (EOF) and hydrodynamic flow spreading was employed to tune the size separation of particles. A stream with different kinds of particle suspensions was driven co-fluently with a particle-free carrier stream under both mechanical external and electroosmotic pressure in a microchannel. The EOF-tuned hydrodynamic spreading behaviour was investigated experimentally and modelled through an electric equivalent model and numerical simulation. When the magnitudes of the mechanically and electroosmotically induced pressures were similar, the EOF tuning on the pressure-driven flow became significant. Hence, the hydrodynamic spreading could be easily adjusted by a tuned power supply. The separation was studied in more detail with 1.9 and 9.9 µm fluorescent polystyrene particles. Moreover, separation of E. coli and yeast cells was accomplished.
Introduction
Research activities on microfluidics have had explosive growth over the past few years. This field now attracts great attention, both from academia and from industry [1] [2] [3] . Microfluidics implies miniaturization of traditional devices or methods in the field of life science and chemistry, resulting in portability, lower sample and reagent consumption, lower cost, higher throughout, higher degree of integration and automation and higher precision.
Cell separation is one of the key techniques among microfluidic applications [2, 4] . Although conventional fluorescence-activated cell sorters (FACS) provide a fairly high efficiency in clinics and biological researches, this sorting of individual cells is costly (in terms of both equipment and consumables) and complicated. The instruments are difficult to sterilize and require specially trained personnel for their operation. This limits the application greatly [5] . Much efforts have been put on the miniaturization of FACS using microfluidic technology [6] [7] [8] [9] [10] [11] [12] [13] . However, these miniaturized systems suffer from lower throughput [2] .
For higher throughputs and easier operation, cell-specific methods are often preferred. In general, most microfluidic cell separation methods can be categorized as filtering based on geometry [14, 15] , hydrodynamics [16, 17] and cell mobility [18] . Dielectrophoresis (DEP) activated sorting [19] , magnetic activated cell sorting (MACS) [20, 21] , as well as the earlier mentioned FACS, have also been proposed for cell separation. Recently, the hydrodynamic cell/particle separation method of field flow fraction (FFF) has attracted much attention due to its simple configuration and robust performance [22] . In the FFF, various particle properties will govern the response to a certain field, such as the density in a gravity field [23] , size in a non-uniform velocity field [24] , non-uniform electrical field [25] and a hydrodynamic flow or an electroosmotic flow (EOF) field (spreading) [26] [27] [28] [29] .
The hydrodynamic spreading separation is derived from flow field flow fractions (FlFFF), which is a simple approach with high throughput. Different from FlFFF, hydrodynamic spreading separation works in a continuous mode. Its principal configuration is with a particle-containing and a particlefree stream, converging into a narrow channel. The particle spreading behaviour is adjusted by the flow rate and viscosity ratio of the co-axis fluids under a pressure-driven flow [30] . The larger particles will be forced into the carrier flow with trajectories depending on their sizes, while the small particles remain in the original sample flow, through an abrupt expanding channel [26] . The particles will be separated and collected via different outlets. By this simple approach, a good separation between particles with a size ratio of 2.1:1 has been shown in [27] . In comparison, the EOF spreading has a similar separation mechanism, but is controlled by an applied voltage [29] . Both approaches have their limitation. In general, the viscosities of the two flows cannot be changed arbitrarily. Only the flow rate ratio can be changed. However, this is often limited by other practical factors. In a syringe pumping flow, it is often limited by the syringe sizes. In a constant pressure (such as a compressor) pumping flow, it is technically difficult to accurately adjust the tiny pressure difference in microfluidic applications. This makes it inconvenient to control the flow, and hence to adjust to the sizes of particles to separate. In contrast, the EOF spreading can be adjusted very easily, but it suffers from poor stability.
With the objective to attain both high flexibility and high stability, a combination of EOF and hydrodynamically flow-controlled spreading to separate particles continuously is employed and studied in this paper. The separation is experimentally studied using particles and cells of different sizes. An electric equivalent model and numerical simulations were made to better understand the spreading behaviour. Figure 1 shows the principle of particle separation in the EOF-tuned hydrodynamic spreading. It is similar to the hydrodynamic spreading described above: having the same mechanical pressure control, a sample flow with various particles and a carrier flow without particles converge in a narrow channel. In this channel, where the flow is laminar, the carrier flow occupies most of the channel width. With a potential on the carrier flow, the dynamic behaviour of the fluids changes with the magnitude of the applied voltage. At a certain voltage, the larger particles are aligned against the channel wall with their centres immersed in the carrier fluid, whereas the smaller particles are still in the original sample fluid. When the channel expands abruptly [26] , the larger particle will be forced completely into the carrier flow in the trajectories depending on their sizes, while the small particles remain in the original sample flow. Subsequent to their separation, the particles will be collected via different outlets. Electroosmosis occurs when there is an electric double layer at the solid-liquid interface arising from the electrostatic attraction between the surface charge of the solid channel wall and the ions in the fluid. When an external electric field is applied over the length of the channel, the mobile positive ions in the diffusion layer move towards the cathode. The ions will couple to, and hence induce a dragging force to the bulk fluid, resulting in a bulk fluid movement along the channel. Generally, the pressure attainable with the EOF is weaker than that with a pressure-driven flow. Therefore, the EOF usually has a very limited effect on a pressure-driven flow [31, 32] . However, when the magnitudes of the two so generated pressures are similar, this effect becomes significant. As a result, the hydrodynamic spreading of fluids can be tuned arbitrarily with an adjustable power supply.
Mechanisms of separation

Hydrodynamic spreading tuned by an electroosmotic flow
Figure 2(a) gives the geometry of the microfluidic system that was used to study the electroosmotic tuning of the hydrodynamic spreading. It is similar to a Y-mixer, with a throat between the inlets and the main separation channel. Inlet 1 has a width of W i1 and inlet 2 has a width of W i2 . In the throat part, the flow from inlet 1 occupies the width of W f . The whole width of the throat is W o . In order to make the spreading behaviour easy to study, the separation channel was widened abruptly. Because of the laminar flow in microfluidics (very low Reynolds numbers), a simple equivalent electric circuit model is a good approach to analyse the spreading behaviour [33] . For comparison, a numerical simulation was carried out in addition. Figure 2 . Geometry of the prototype and its corresponding equivalent electric circuit model.
Equivalent electric circuit model
Assuming steady, fully developed flow in the microchannel, and low Reynolds number hydrodynamics, the relation between fluid velocity and applied pressure is linear, i.e. the flow rate Q p (volume/time) dependence on the pressure difference p between the outlet and the inlet of the channel follows
where R p is the hydrodynamic resistance of the channel. For a channel with a rectangular cross section, width w, height h and length L, and a fluid viscosity µ, the resistance R p is about 12µL/wh 3 when the channel width is much smaller than the channel height. When the channel width and height are similar, the resistance R p can be obtained from
where n is an integer. For a pure electroosmotic flow in a straight homogeneous channel with a rectangular cross section, the flow velocity is homogeneous in the channel. That is,
where ξ is the zeta potential, which is a property of the surface of the channel, ε is the electrical permittivity of the fluid and E is the applied electrical field. Thus, when there is a field of E across the channel, the flow rate (Q e ) can be obtained by
where φ is equal to LE and R e is equal to µL/ξ εwh. In previous work [30] , when the two fluids have the same viscosity they behave as a single phase and have a consistent velocity distribution across the channel. Hence, the EOF is linear. The flow rate Q with unified hydrodynamic and electroosmotic flows is
Since the spreading behaviour is a competition of the two fluids, and the two fluids have consistent velocity profiles, the channel width occupied by fluid can be determined by the flow rate in the planar flow. From equation (5), it is seen that the flow rate has a linear relation with the occupied channel width and can be determined from the unified flow rate using the unified model. Similar to an electrical circuit, the pressure and voltage applied to the channel network can be treated as a unified potential V .
In this equivalent circuit model, various voltages were applied to the two inlets and the outlet was grounded, in order to observe the resulting spreading behaviour. Two extreme conditions were included in this model: first, one or two inlet voltages were set to zero and, second, one of the inlets was suspended. The voltage on the suspended inlet can be considered equivalent to the voltage at the junction. Or, the resistance of the inlet is infinite. Under this condition, the above cases can be summed up in a unified model.
In the present design, the width of the main separation channel is much larger than the width of the throat. Hence, the resistance of the throat is much larger than that of the outlet. Thus, in order to simplify the model, we only need to consider the spreading along the throat. The model is shown in figure 2(b) . The potential applied over inlet 1 is V i1 , the potential applied over inlet 2 is V i2 and the potential at the conjunction is V x . According to Kirchoff's second law, the conjunction current can be expressed as
where R i1 , R i2 and R o are equivalent resistances of inlet 1, inlet 2 and throat, respectively. Given the fraction of one of the fluids α = W f /W o , and the currents (equivalent to flow rates) I i1 , I i2 , I o inside R i1 , R i2 and R o , respectively, since the height is constant in the system, the flow rate is proportional to the channel width, and
The fraction β for the other fluid simply is
Numerical simulation
The spreading behaviour can be simulated using low Reynolds number fluid dynamics in high accuracy. Assuming a steady, fully developed flow with given pressure gradients, the bulk fluid motion can be determined by solving the modified Navier-Stokes equation:
with
where ρ f is the fluid density, e is the electron charge, z is the valence, ρ e is the volumetric charge density due to the presence of the electric double layer (EDL), ψ is the electric potential of the EDL, k B is the Boltzmann constant, n 0 is the ion density of the bulk solution and T is the temperature.
The simulation was carried out in CFD-ACE + (CFD Research Corporation, AL, USA) with an unstructured mesh. In figure 3(a) , the streamline of the pure hydrodynamic flow in the microchannel is visualized. It shows the spreading of the two flow streams clearly. When voltage is applied to neither of the inlets, the flows from the two inlets occupy the same width of the channel. When voltage is applied to inlet 1, a spreading change with voltage occurs, and the flow from inlet 1 occupies a large ratio of the channel width, figure 3(b) . The fraction can be extracted from the mapping of streamlines of the flow. 
Materials and methods
Chemicals and samples
A polydimethylsiloxane (PDMS) elastomer and curing agent, Elastosil RT601A and B, were purchased from Wacker Chemie AB (Munchen, Germany), and standard microscope glass slides (26 × 76 × 1.0 mm 3 ) from Menzel GmbH, Braunschweig, Germany. Fluorecein powder (F1300) with a maximum excitation wavelength of 490 nm and a maximum emission wavelength of 514 nm was obtained from Invitrogen, Eugene, USA. Sodium hydroxide was supplied from SigmaAldrich, St Louis, MO, USA. De-ion (DI) water was obtained from a Milli-Q reagent water system (Millipore, Marlborough, MA, USA) at resistivity 18.2 M cm at 25
• C. The fluorecein was solved in DI water. To enhance the fluorescent intensity, sodium hydroxide was added to a pH 9. All solvents were from Merck (Darmstadt, Germany). Suspensions with polystyrene latex microbead with diameters of 1.9 µm and 9.9 µm (2% solids by weight, density of 1.05 g cm −3 ) were provided by Duke Scientific Corporation, CA, USA. The microbeads were labelled with green fluorescent dye with a maximum excitation wavelength of 468 nm and an emission wavelength of 508 nm. Fresh Escherichia coli (E. coli) cells and baker's yeast (Saccharomyces cerevisiae) cells were obtained from the Swedish University of Agricultural Sciences (SLU). The cell water suspension was buffered 0.9% NaCl (Sigma-Aldrich, St Louis, MO, USA) to keep the normal shape of the cells.
Fabrication of the SU-8 master
An SU-8 master was fabricated using a standard softlithographic technique on a 4 inch silicon wafer [34] . Prior to lithography, the silicon wafer was cleaned in a standard twostep process (RCA I (NH 4 OH/H 2 O 2 /H 2 O, 65
• C) and RCA II (HCl/H 2 O 2 /H 2 O, 65
• C)). A 40 µm thick layer of SU-8 50 (epoxy-based negative photoresist, MicroChem, Newton, MA) was spun on the silicon wafer, followed by soft baking, exposure to UV light through a CAD-designed transparency mask and post-exposure baking according to the supplier's recipe. The channel network was developed in the specific developer and finally hard baked for 30 min at 150
• C for complete adherence of the resist structure to the silicon wafer.
Fabrication of the prototype chip
A 10:1 (wt:wt) PDMS prepolymer and curing agent were mixed thoroughly by stirring and poured onto the silicon wafer surface with the SU-8 channel network. The mixture was put in a vacuum chamber for 15 min, and then in air 1-2 h for degassing at the room temperature. After curing for 1 h at 70
• C in the oven, the PDMS replica was peeled off and punched for fluidic connects. The PDMS structure and the glass slide were activated using corona discharging (ETP, Chicago, IL, USA), by manually scanning the field-effect wire 3-5 mm above the surface at 15 s cm −2 [35] . The components were joined together, and the bond was stabilized for 30 min at 70
• C. The entire channel network has a constant depth (height) of 40 µm. The two inlets are 2 mm long and 100 µm wide. The throat has a width of 50 µm and a length of 100 µm. The main separation channel has a width of 1 mm and a length of 3 mm.
Modification of the microchannel surface
An instant plasma treatment was used to modify the hybrid prototype [36] . By this, a corona sharp tip is inserted in the reservoirs for a few seconds, whereas an accumulated spark is created. The high voltage and high frequency spark migrated in the whole channel network, and rapidly oxidized the inner surface of the channel. This process makes the PDMS surface hydrophilic, and suitable for producing electroosmotic flow.
Instruments and spreading analysis
An inverted microscope with a set of epi-fluorescence attachment (Nikon TE2000-U, Japan) was used to observe the spreading behaviour and monitor the particle tracking. There are three optical elements in the filter cube: an excitation filter, a dichroic mirror and an emission filter. Emission filters were used in both measurements to select more specifically the emission wavelength of the sample and to remove traces of excitation light. For study of the spreading behaviour, the image was captured using a high sensitive cooled (working temperature 5
• C) CCD camera (DP30BW, Olympus, Japan) with a 0.7× intermediate adapted lens. The resolution of the camera is 1360 × 1024 pixels, with a 12 bit greyscale. For investigation of the particle and cell separation, the other 37
• C differential from the room-temperature-cooled CCD camera (Spot RL Mono, Diagnostic Instruments, MI, USA) was used. The resolution of the camera is 1600 × 1200 pixels with a 12 bit greyscale. In the spreading measurement, DI water served as one fluid and fluorescent dye (F1300) diluted in the DI water as the other. The two fluids were filled in hydrophobic pipettes, acting as reservoirs. The level of the fluids was maintained to assure a constant pressure on the fluid. The observed area was illuminated with a 100 W mercury lamp. Among the measurements, an epi-fluorescent attachment of type Nikon B-2A was used (an excitation filter for 450-490 nm, a dichroic mirror for 505 nm and an emission filter for 520 nm). In all experiments, a 20× (NA = 0.45) objective was used, and the microscope operated in the phase contrast mode to obtain a better contrast of the particles and cells. The experimental setup is shown in figure 4 . After recording the images on the PC, the concentration profiles were evaluated using a self-developed program written in MATLAB and assuming a Gaussian distribution of the noise. Subsequently, a path with a known position across the channel was evaluated. The position across the channel was normalized against the channel width, while the measured pixel intensity was normalized against the maximum and minimum intensities in the place where the two fluids just met. The spreading width or fraction was obtained at the location where the dimensionless intensity was 0.5. Figure 5 shows an example of the analysed results.
Results and discussion
Spreading behaviours
The spreading behaviour is actually the result of two or more competing fluid streams passing in parallel inside a channel. The relative flow rates of the fluids determine the extent of spreading behaviour in the channel when the fluids have the same viscosity [33] . According to the linear relation between the flow rate voltage and pressure, the spreading width can be predicted from the equivalent electric circuit model as well as numerical simulation. Here, the pressure applied on the two inlets was the same and voltage was applied to either one of the inlets. It is observed that the flow in the other inlet will occupy a narrower channel width with the increasing applied voltage. More precisely, its fraction decreases inversely with the applied voltage. When the pressure was reduced, the electric field became dominant and the occupied fractional channel width changed quicker. Conversely, when this pressure was increased, the electrical field became inferior and the occupied fractional channel width changed slower.
In figure 6 , a comparison is shown between the results obtained from the electrical equivalent model, the numerical simulation and the experimental results.
They agree reasonably well with each other. The smaller mismatch between the electrical equivalent model and numerical simulation appears because of the negligence of the resistance of the meeting area of the two inlets in the electrical equivalent model, and from the difference in ion concentration of the two fluids in the throat, which is assumed to be the same in the modelling and numerical simulation. Also, there are some flaws in the experiments. The major one is the diffusive mixing effect of the two fluids. Since the flow velocity is slow in the experiments, the corresponding Peclet number (Pe) for mass diffusion is small. Hence, molecular diffusion becomes significant, which blurs the borderline of the two fluids severely. Here, it should be stressed that this effect does not affect the particle separation (as shown later) since the particles with a µm size have a much smaller diffusion coefficient as compared with that of the fluorecein molecules (nm size).
Negative voltage was also applied in the experiments. It was found that the flow from the other inlet (here, inlet 2) would occupy a larger fractional channel width with an increasing absolute voltage. However, as shown in figure 7 , a negative voltage has a weaker effect on the spreading behaviour than the corresponding positive voltage. The reason is the smaller flow rate change induced by applying a negative voltage, as expected from the electrical equivalent model. 
Particle separation
In the particle separation, the particle suspension served as a sample flow and DI water as a carrier flow. The suspension contained particles with diameters of 1.9 µm and 9.9 µm. From analysing the spreading behaviour, a clear separation can be obtained by applying a certain positive voltage to the carrier flow or a negative voltage on the sample flow. In this work, the former approach was adopted. By increasing the voltage applied on the carrier flow, the sample occupies a smaller fractional channel width. The larger particles were aligned against the channel wall in the throat part. On entering the broader main separation channel, the larger particles appeared in the carrier flow whereas smaller particles remained in the original flow.
To demonstrate the advantage of this EOF-tuned hydrodynamic spreading on particle separation, the result from a comparison experiment is shown in figure 8 . Figures 8(a) -(c) show the particle distribution with an increasing applied voltage to fluid and the same applied pressure to the two fluids. Figures 8(d)-(f ) show the particle distribution at various voltages, and a higher pressure applied to the carrier flow than to the sample flow. A clear separation of the different particles by adjusting the applied voltage on the carrier flow is shown. The separation distance can be adjusted flexibly according to the practical conditions such as variations of the particle size and the width of the throat in the device. Especially, if the µ Figure 9 . Cell separation demonstrated between yeast cells (larger and brighter ones) and E. coli cells (smaller and darker ones). The voltage applied to the carrier flow is 131 V, and the sample flow and carrier flow were driven at the same pressure.
throat width in the device becomes larger due to fabrication variation, and a corresponding unclear separation occurs, it is convenient just to tune the voltage to obtain a clear separation.
Comparing to the two group of experiments, the required adjusting voltage in figures 8(d)-(f ) is smaller than that in figures 8(a)-(c). The lower voltage is ideally to maintain the cell viability, which will benefit the following experiments after cell isolation.
Cell separation
The mixed E. coli and yeast cells suspension served as a sample flow and the DI water served as a carrier flow. In the phase contrast mode, the yeast cells were bright but the E. coli cells seemed darker due to their smaller size. Figure 9 demonstrates the clear separation of the two cell types (few of E. coli were adhered to the channel surface, where the carrier flow passed). When compared with the experiments with particle separation, it was found that the yeast cells are less than 9.9 µm in size, since they have a closer trajectory from the main separation channel wall than did the 9.9 µm particles. From this experiment, although further studies are required, it is reasonable to claim that this method can be used to estimate cell size with a simple operation and high throughput.
Conclusions
Electroosmotic flow (EOF) tuned hydrodynamic spreading for continuous particle/cell separation has been presented. Combining the stability of the pressure-driven flow with the tunabilty of the EOF, it provides a simple, flexible and versatile technique for particle/cell sorting, which can be adjusted easily to adapt to separations of different particle size ratios. With calibration, this method can also be used to estimate cell and particle size in a simple way.
An equivalent electrical circuit model and numerical simulation were used to analyse the influence of the EOF on the hydrodynamic spreading in a microfluidic channel network. A series of experiments were carried out to validate the models and to study the EOF-tuned hydrodynamic spreading. The separation was studied in more detail on 1.9 and 9.9 µm large fluorescent polystyrene particles. Moreover, separation of E. coli and yeast cells was accomplished. In both cases, clear separation could be achieved by tuning the voltage applied to the carrier flow.
